Abstract--The sand and silt fractions of soils derived from Tertiary basalt in northeastern Ireland exhibit unusually high cation-exchange capacities. Smectite was identified by X-ray powder diffraction in all size fractions and was selectively dissolved by treatment with 1 N HCI and 0.5 N NaOH. Structural formulae, based on chemical analysis of the dissolved material, suggest that the smectite is intermediate in composition between a di-and a trioctahedral mineral and that the octahedral cation occupancy, together with the numbers of Mg and Fe atoms per unit cell, decreases with decrease in particle size of the soil fraction examined. The mean formula for the smectite in the clay separates is: M § Fe3+0.4,Mgo.s2)O,0(OH)v Similar analysis of smectite present in clay-size material separated from weathered basalt rock taken from the bases of the soil profiles showed that it had close to the full trioctahedral occupancy. It is suggested that the soil smectite is a weathering product of the trioctahedrai smectite inherited from the weathered basalt.
INTRODUCTION
Tertiary basalts cover an area of approximately 4000 km z in northeastern Ireland. The lava pile is built of many successive flows and varies in thickness from 100 to perhaps 1000 m, but its original thickness or the length of time required for its emplacement are unknown (Charlesworth, 1963) . Mineral transformations probably took place between successive outpourings of lava and where water-saturated flows were buried beneath fresh lava (Charlesworth, 1963) . According to Patterson (1955) , the most abundant minerals in the basalts are labradorite, augite, and olivine. Smith (1957) identified vermiculite and kaolinite in apparently unweathered rock. He considered that the vermiculite was an alteration product of olivine and that the kaolinite was secondary to labradorite. Walker (1960) identified saponite throughout 800 m of basalt intersected by the Langford Lodge borehole. These occurrences indicate that the saponite formed prior to present-day weathering of the lavas.
The area is covered by glacial drift, generally of local origin. Most of the soils are classified as brown earths (Brown, 1954) and are characterized by high levels of extractable Fe and AI, high phosphate retention (Evans and Smillie, 1976) , large cation-exchange capacities (CEC) and, commonly, high amounts of exchangeable Mg (McConaghy and McAleese, 1957) . The sand and silt fractions contribute substantially to the total soil CEC . The clay mineral composition has been reported to be vermiculitic (Smith, 1957) and to vary from kaolinitic to montmorillonitic to vermiculitic (McAleese and Mitchell, 1958) .
The purpose of this paper is to show that a smectite mineral, inherited from the parent rock, is responsible Copyright 9 1981, The Clay Minerals Society for the high CECs of the soils and the soil separates and to discuss changes in its chemical composition during pedogenesis.
MATERIALS AND METHODS
Samples from two soil profiles derived from basaltic till at Woodburn and Upper Woodburn, County Antrim, Northern Ireland, were analyzed. The Woodhurn profile showed some mottling in the B horizons, indicative of drainage impedence, whereas the Upper Woodburn profile appeared to be freely drained. Some properties of these soils are given in Table 1 . Sand, silt, and clay fractions were separated by the usual sieving and sedimentation procedures following dispersion of the soils using a Rapidis 150 ultrasonic vibrator, according to the method of Genrich and Bremner (1972) . After destruction of organic matter (OM) by H202 treatment, the separates were Ca-saturated, washed free of excess salt, and dried. Clay samples were also separated from fragments of weathered basalt by first crushing them in a mortar and then dispersing them ultrasonically.
Free Fe and AI in the size fractions were extracted using dithionite-citrate-bicarbonate (DCB) (Mehra and Jackson, I960) . Noncrystalline material was dissolved by boiling DCBtreated samples in 0.5 N NaOH (Hashimoto and Jackson, 1960) . The Fe released by this treatment was extracted by an additional DCB treatment. CEC was determined on deferrated, NaOH-treated samples using a BaCI~ solution buffered at pH 8.2 with triethanolamine. Potassium fixation was estimated by the method of Alexiades and Jackson (1965) . Removal of interlayer AI was attempted on selected samples using the sequentiai sodium citrate extraction procedure of Frink (1965) .
X-ray powder diffraction (XRD) analysis was carried out on deferrated, NaOH-treated samples of the sands, silts, and clays using a Philips X-ray diffractometer and Ni-filtered CuKet radiation at 40 kV and 20 ma. The sands were prepared as random powders, whereas the silts were sedimented onto glass slides. The clays were divided into coarse (2-0.2 tzm) and fine (<0.2 t~m) fractions by centrifugation. Subsamples were saturated with K + and Mg 2+, pipetted onto glass slides, and air dried. The K-saturated samples were also heated at 300 ~ and Both soils are classified as Dystric Eutrocrepts. Sand = 2 mm--50 tzm; silt = 50-2 ~m; clay = <2/zm. Numbers in parentheses are CEC values (in meq/100 g) for deferrated, NaOH-treated samples of corresponding particle size separate. 550~ in a muffle furnace for 2 hr. A Mg-giycerol sample was prepared by suspending a Mg-saturated sample in 1 ml of 10% glycerol in water. Differential thermal analysis (DTA) was performed on samples of clay (<2/zm, Ca-saturated), equilibrated for at least 4 days in a desiccator over a saturated Mg(NOa)2 solution, using a Stanton-Redcroft 673-4 instrument at a heating rate of 20~ in a nitrogen atmosphere. A1203 was used as reference.
Acid dissolution of samples, previously treated with DCB and NaOH to remove free oxides and amorphous silicates, was carried out by digesting 100 mg of sample (Ba-saturated) in 50 ml of 1 N HCI on a water bath at 80~ for 24 hr. The residues were washed with 25 ml of 1 N HCI. The wash solutions were combined with the supernatants and brought up to volume. The residues were treated with boiling 0.5 N NaOH for 2.5 rain. Si and Fe 2+ in the extracts were determined colorimetrically (Pruden and King, 1969) . AI, total Fe, Mg, Ca, K, and Na were determined by atomic absorption spectroscopy. The effect of time on acid dissolution of selected silts was assessed by subjecting the samples to acid treatment for from 2 to 45 hr. The residues were boiled in 0.5 N NaOH as before.
RESULTS AND DISCUSSION

Properties of the soils
The CECs of the soil samples were quite high ( Table  1) . The values were relatively uniform within the profiles, despite the decrease in organic matter with depth. Ca was the dominant exchangeable cation, but exchangeable Mg was also high, reaching 15.6 meq/100 g (data not shown) for the B3/C horizon of the Woodburn profile. The ultrasonic vibration procedure produced more 'clay' (31.5%), on average, than the conventional 'Calgon' method (25.8%). McAleese (1954) attributed the abnormally high CECs of the coarse fractions of similar soils to the presence of composite grains which, even after repeated reduction with sodium hydrosulphite followed by shaking with ammonium hydroxide, did not disperse. In the present study, microscopic examination of sand fractions confirmed the presence of composite grains containing phyUosilicate material. Walker's (1960) observation that saponite occurs at all depths in the basalt at Langford Lodge suggests that the composite grains are rock fragments and that the materials composing them are alteration products of the .primary basalt minerals. Some of these materials are undoubtably clay size, but because their aggregation is geologic rather than pedologic, their complete dispersion, even if it could be achieved, would not be appropriate for the characterization of soil texture.
Properties of the particle size separates
The sand, silt, and clay separates contained large amounts of DCB-extractable Fe and A1 and substantial DCB FezOa (%) 6.1 3.6-8.5 4.5 3.%5.7 5.7 3.6-8.1 DCB AlzOa (%) 1.8 0.9-3.2 1.9 0.8-3.4 3.8 1.3-6.6 NaOH A12Oa (%) 2.7 1.5--4.6 3.2 1.6--4.9 7.4 5.7-10.1 NaOH SiOz (%) 4.5 3.0-5.7 8.8 5.9-13.7 11.1 8.8-14. quantities of noncrystalline aluminosilicates, as defined by the Hashimoto and Jackson (1960) dissolution procedure (Table 2 ). The CEC data (Table 1) show, however, that the crystalline fraction is the main source of negative charge in the samples. A member of the smecrite group was the dominant mineral in both fine and coarse clays ( Figure I ). Small amounts of kaolinite, mica, and quartz (in coarse clays) were also present. The silt and sand separates also contained smectite along with labradorite, quartz, and augite ( Figure 2 ). The smectite, therefore, must be responsible for the high CECs. Representative DTA traces of the clay fractions are presented in Figure 3 . All samples gave quite similar patterns. The large, low temperature endotherm at 130~ is characteristic of expanding 2:1 phyllosilicates. The dehydroxylation endotherm between 540 ~ and 550~ is close to that of beidellite (550~ and nontronite (500~ but is low compared with that of dioctahedral montmorillonite, which occurs at about 700~ Greene- Kelly (1957) suggested that the shift of the dehydroxylation peak of smectites to lower temperatures may be due to increased tetrahedral substitution. Mackenzie (1970) concluded that substitutions such as Si by AI, AI by Fe, and Mg by Zn tend to decrease the dehydroxylation temperatures, probably due to strains set up in the structure due to different sizes of the ions.
Selective dissolution of smectite
Calculation of smectite composition by applying corrections for the other minerals present was successfully employed by Sawhney and Jackson (1958) and Mackenzie (1960) . The low temperature of smectite dehydroxylation in the study clays precluded quantitative determination of kaolinite by DTA or by the dissolution procedure of Hashimoto and Jackson (1960) . Acid treatments have been used for the selective dissolution of chlorite (Brindley, 1961) and vermiculite (Ristori et al., 1974) . The partial dissolution of smectite at low pH during CEC determinations (Curtin, 1979) suggested that smectite might be selectively dissolved using dilute acid. The smectite was completely dissolved by an acid dissolution procedure similar to that of Ristori et al. (1974) . The residues consisted of kaolinite, mica, and quartz with a trace of feldspar in the clay separates, whereas quartz, augite, and feldspar remained in the silt and sand separates (Figures 1 and   2 ).
Clays and Clay Minerals
Chemical analyses of the HC1 and NaOH extracts of the sand, silt, and clay separates from the Upper Woodburn profile are given in Table 3 . The data for the Woodburn samples are similar and are not presented. Most of the clay fraction was dissolved by the treatment. The solubility of pure kaolinite and the amount of K in the HCI extracts (Table 3) indicate that the nonsmectite minerals in the clay fractions were partially dissolved by the treatment. However, the intensities of the kaolinite, mica, and quartz diffraction peaks were much increased by the treatment, showing that substantial concentration of these minerals had occurred. Because the initial amount of kaolinite, mica, and quartz in the clay separates was low (e.g., K20 = 0.22-0.80%) it is unlikely that the partial dissolution of these minerals led to a significant error in the calculation of smectite composition.
The solubility of the silt and sand fractions was lower than that of the clay fractions. The alteration of the nonsmectite minerals in the >2 txm fraction was assessed by subjecting silt samples, which had been pretreated with DCB and NaOH, to acid treatment for 2-45 hr. Typical dissolution data are presented in Figure 4 . HCIsoluble Mg showed little increase after 2 hr of acid treatment. The amount of Fe extracted increased substantially between 2 and 8 hr, but longer extraction periods removed little additional iron. Although A1 extracted by HC1 also increased substantially between 2 and 8 hr, subsequent increases were relatively small. The amount of AI dissolved by the 2.5-rain NaOH-boiling treatment decreased as the duration of the acid dissolution increased. The amount of Si dissolved by the two reagents paralleled fairly closely the total AI dissolution data. The fact that little or no increase with time was noted for Mg suggests that augite, which has a high Mg content, was not being attacked by the acid. Some dissolution of feldspars occurred as indicated by the presence of Ca, Na, and K in the HCI extracts (Table 3) . Plagioclase feldspars are increasingly susceptible to acid attack as the Ca content increases. However, an Kiely and Jackson (1965) suggest that silt-and sand-sized quartz should be little affected by this treatment. These patterns of dissolution are consistent with the conclusions of Grim (1968) that alkaline earth cations are removed more rapidly during acid attack on smectite than are A1 or Fe and that Fe is removed more rapidly than A1. A very high correlation coefficient of r = 0.98 was found between CEC and the sum of the oxides (SiO2 + A12Oa + FeO + Fe2Oa + MgO) dissolved by HCI and NaOH. This relationship may indicate that the dissolution procedure was highly selective for the smectite. Extrapolation of the relationship between CEC and total dissolved oxides indicates that the mineral has a CEC of about 100 meq/100 g. Although the dissolution procedure was highly selective for smectite, ratios of the dissolved oxides were not constant, but varied substantially with particle size. In general, with decreasing particle size, Mg and Fe decreased relative to both Al and Si. The Si/Al ratio also decreased with decreasing particle size. Structural formulae (Table 4) , based on the amounts of Si, A1, Mg, Fe a § and Fe 2+ dissolved by HC1 and NaOH and on the CEC values, were calculated according to the procedure of Marshall (1949) .
The tetrahedral sheet was relatively constant in composition and had a high negative charge. Twenty of the 24 samples analyzed were in the relatively narrow range Si3.aAlo.r-Si3.sAlo.5. The remaining samples contained slightly more tetrahedral Al. Much of the tetrahedral charge is neutralized by the positively charged octahedral sheet. The tetrahedral origin of the negative charge may account for the ability of these samples to fix small amounts of K (Table 5 ) and for the fact that they expand with some difficulty.
The composition of the octahedral sheet is appar- ently about midway between that of a dioctahedral and trioctahedral mineral, but the number of octahedral cations per half unit cell apparently decreases with a decrease in the particle size of the initial separates. Octahedral AI increases, whereas Mg, and to a lesser extent Fe decreases, with decrease in particle size. The calculated formulae are consistent with the finding of McAleese (1954) that heating Li-saturated silts and i Ca-saturated sample: Mg displacement. K-saturated sample heated to 110~ NH4 displacement.
clays of similar origin to 200~ resulted in only marginal decreases in CEC, thereby excluding the possibility of the smectite being a dioctahedral mineral with predominantly octahedral substitution.
The increase in the calculated number of octahedral A1 atoms per unit cell as particle size decreased could be due to an increase in the number of hydroxy-Al interlayers. The assignment of A1 from this source to the smectite structure was suggested by Sawhney and Jackson (1958) as an explanation for montmorillonite formulae with high octahedral occupancies. The present formulae were calculated for samples which had been given a NaOH and two DCB treatments, a sequence which would be expected to remove much of the interlayer AI. Most methods for selective removal of hydroxy-Al interlayers cannot be used with the present samples because of the composition of the smectite. The procedure of Dixon and Jackson (1959) involves heating samples at 400OC followed by the dissolution of the dehydroxylated interlayer material in hot NaOH. However, when this method was employed, large amounts of both Si and A1 were removed, indicating that some dehydroxylation of smectite had taken place even at this low temperature. Procedures involving the use of acid (Rich, 1966) obviously cannot be used because of the solubility of the smectite. The less severe procedure of Frink (1965) , which involves repeated extraction with 1 M sodium citrate on a water bath at 80 ~ 90~ was tried on selected samples. The total amount of Al removed in eight, hour-long extractions was quite small (Table 6 ). The pattern of its extraction with time and its ratio with extracted Fe is indicative of attack on the smectite structure. It is concluded from these results that little interlayer AI was present in NaOH-treated clays.
Composition of smectite in basalt fragments
Although an average octahedral cation occupancy of 2.4 per Olo(OH)2 was estimated from the chemical data, the above clays gave a weak 060 reflection at 1.54 A, indicating that the smectite has the structure of a trioctahedral mineral. Smectite was also present in fine and coarse clays separated from weathered basalt fragments. The basalt smectite gave a strong 060 reflection at 1.54/~. The XRD data ( Figure 2 ) showed that it also had a more ordered structure than the smectite in the soil separates. Because the chemical composition of the soil smectite varied considerably with particle size, and hence degree of weathering, the composition of the basalt smectite may represent that of the original mineral. Prior to acid treatment the basalt clays were pretreated with DCB and NaOH. The smectite was completely dissolved by the acid treatment, leaving feldspar as residue in the case of the coarse clay. Little of the fine clay remained. Structural formulae (Table 4) , calculated from the elements dissolved by HCI and NaOH, suggest that the composition of the tetrahedral sheet was similar to that of the smectite in the soil separates. Octahedral cation occupancy, however, was close to 3 per half unit cell. In general, the basalt smectite is richer in Mg and Fe but poorer in octahedral Al than the smectite in the soil separates. The most significant difference between the two basalt clay fractions was the FC+/Fe 3+ ratio. Almost all of the iron in the coarse clay was in the ferrous form whereas, in the fine clay, much of it was in the oxidized state. This mineral, though chemically considerably different from the trioctahedral smectites discussed by Weaver and Pollard (1973) , can be classified as a saponite. In particular it differs in its Mg content which is lower than the values usually given for saponite (i.e., >2 Mg atoms per half cell). Saponites are quite rare in soils. According to Borchardt (1977) , basic rocks, even those high in Mg, tend to produce iron-rich montmorillonite (nontronite).
Most of the published work on clay mineral transformations refers to environments which are warmer and wetter than that of northeastern Ireland. Eswaran and De Coninck (1971) summarized the clay mineralogy of basaltic softs as being of allophane, halloysite, ka-olinite, and gibbsite under well-drained conditions and montmorillonite under impeded drainage conditions. They found montmorillonite in all basaltic soils in tropical environments, although only minor amounts were detected in Oxisols. They found that the amount of montmorillonite increased with wetness and depth and concluded that montmorillonite was unstable in such environments, and was in the process of alteration to halloysite. Reports on the clay mineralogy of basaltic soils commonly assume that the soils and their clay minerals are contemporaneous. The clay mineralogy of the soils of the present study is dominated by an inherited smectite, probably of hydrothermal or deuteric origin. This mineral is unstable in the soil environment and, although its alteration products are fairly uniform in composition, there is no evidence that it has reached a stable phase.
CONCLUSION
The alteration products of primary minerals of the basalts of Northern Ireland include a trioctahedral smectite. This mineral occurs in rock fragments of sand and silt size and imparts to these separates exceptionally high values of CEC. The mineral is unstable under the conditions prevailing in the soil, and substantial changes in its composition occur. Mg and Fe seem to be lost from the octahedral sheet during the weathering process, thereby reducing the octahedral cation occupancy from close to 3, as in the smectite in clays isolated from the basalt rock, to approximately 2.4 per O10(OH)~, although the 060 spacing of 1.54/~ indicates a retention of the trioctahedral structure. Such intermediate formulae have been considered by many workers, including Meting (1975) , to be incorrect. Assignment of Si and A1 from noncrystalline materials or crystalline minerals to the structure of a trioctahedral mineral could lead to underestimation of the octahedral cation occupancy. Similarly, values of between 2 and 3 per half cell could be obtained if interlayer AFFe or exchangeable Mg are assigned to a dioctahedral mineral. Neither possibility explains the present formulae because noncrystalline and interlayer materials were removed by treatment with DCB and NaOH prior to dissolution of the smectite, and dissolution of the other crystalline minerals during the acid treatment was small. Another possible explanation might be the occurrence of a mixture of di-and trioctahedral phases. However, the XRD data gave no evidence of the presence of a second smectite. The results suggest the existence of smectites with octahedral cation occupancies intermediate between di-and trioctahedral minerals; such minerals were formed as weathering products of trioctahedral smectites.
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